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 1 
General Introduction 
 
The rotation of the earth on its axis and the changing positional relationship 
among the earth, the moon, and the sun cause the daily solar cycles, the 
annual cycles of the changing seasons, the short-term tidal cycles of ebb 
and flood tides, and the long-term tidal cycles of spring and neap tides. 
Most organisms perform specific functions at the right time of these 
environmental cycles to improve the efficiency of survival and 
reproduction. Accordingly, their behavior occurs in a rhythmic fashion. The 
rhythmic behavior could be produced by an internal oscillator, which can 
provide prediction of environmental changes and preparation of the 
appropriate physiological state (Dunlap et al. 2004). 
Endogenous rhythms have evolved with a periodicity close to tidal 
(~12.4 hours), daily (~24 hours), semilunar (~14.7 days), lunar (~29.4 
days), or annual (~a year) periods in a variety of organisms. In isolation 
from external temporal cues, these biological rhythms “free-run” with the 
inherent period close to, but significantly different from that of the 
environmental cycle. Appropriate environmental cues or “zeitgebers”, 
however, can “entrain” these endogenous rhythms to the environmental 
cycle and thereby a constant phase relationship between internal and 
external oscillations is maintained (Saunders 2002; Dunlap et al. 2004). 
A biological rhythm with an endogenous period close to 24 h is 
called a “circadian rhythm” from the Latin for about “circa” and day “dies”, 
and can entrain to daily cycles of light and temperature. Chronobiologists 
postulated many criteria of biological rhythms from the circadian rhythm 
research and established formal properties of biological oscillators to 
generate the rhythmicity. Today, the basic principles of circadian clocks are 
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understood in detail by means of neurobiological and molecular biological 
approaches (Saunders 2002; Dunlap et al. 2004). 
Since 1950s much information about light responsiveness of 
circadian clocks has been obtained from experimental analyses with light 
pulse perturbation under continuous darkness. This treatment can reveal 
that responses to light depend on the phase of the circadian oscillator 
subjected to perturbation. “Phase response curves (PRCs)” are constructed 
to represent these phase-dependent responses. A single-pulse PRC is 
obtained by plotting the magnitude of “phase-dependent phase shifts” 
(phase advances and delays) against the phase when the pulse is applied. 
The strength of the stimulus (intensity, duration, or both) often changes the 
amplitude of the single-pulse PRC. The single-pulse PRCs can successfully 
explain the mechanisms by which circadian clocks are entrained to 
environmental cycles. Additionally, they can be used as probes of the phase, 
period, and amplitude of the central oscillator (Pittendrigh 1981; Johnson 
1999; Johnson et al. 2003). 
A biological rhythm with an endogenous period close to a year is 
called a “circannual rhythm” in contradistinction to a circadian rhythm. The 
existence of the circannual rhythm was first confirmed in the late 1950s 
(Pengelley and Fisher 1957; Blake 1959), and then circannual rhythms 
shown in various physiological and behavioral phenomena have been 
reported in a variety of organisms. However, an understanding of the 
endogenous source of the circannual rhythm is clouded by the considerable 
lack of the circannual rhythm research as compared to the circadian rhythm 
research. Especially, it has remained unclear whether or not the internal 
mechanism generating the circannual periodicity is a self-sustaining 
biological oscillator similar to the circadian clock that has been described 
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on a conceptual basis (Gwinner 1986; Dunlap et al. 2004). 
In most species showing circannual periodicity, photoperiod is the 
most important zeitgeber for entraining the circannual rhythm to the natural 
year (Gwinner 1986; Dunlap et al. 2004). A few reports demonstrated that a 
photoperiod pulse can induce the phase-dependent phase shift of a 
circannual rhythm, but there were no studies in which endogenous 
oscillation was perturbed by the photoperiod pulse under constant 
conditions (Gwinner 1973; Randall et al. 1998). 
Circannual rhythms in insects have been described with certainty 
only in pupation of the varied carpet beetle, Anthrenus verbasci (L.) 
(Coleoptera, Dermestidae) (Blake 1959; Saunders 2002). Under constant 
short days, the oscillation shows endogenous periodicity of about 40 weeks, 
but is entrained to a strictly annual period by the changes in photoperiod 
(Nisimura and Numata 2001, 2003). 
 In the present study, I investigated phase-dependent phase shifts 
elicited by photoperiod pulses in the circannual pupation rhythm of A. 
verbasci. In Chapter 1, I examined the phase responses caused by exposing 
larvae kept under stationary short days to long days for 4 weeks (4-week 
long-day pulse) at various phases of the rhythm. From the results, I 
constructed a single-pulse circannual PRC. In Chapter 2, I examined the 
phase responses to 2-week long-day pulse administration at various phases 
and also to 4-week long-day pulse administration near the PRC‟s break 
point, to investigate the relationship between phase resetting of the rhythm 
and the strength of long-day stimuli applied at the circannual phases on the 
basis of the results in Chapter 1. In Chapter 3, I examined the phase 
responses caused by exposing larvae kept under stationary long days to 
short-days for 4 weeks (4-week short-day pulse) at various phases of the 
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rhythm. I then observed the phase responses to 4-week long-day and 
short-day pulses given under naturally changing day length to describe 
temporal changes in the phase under naturally changing day length in terms 
of the phases of PRCs. In Chapter 4, I examined the phase responses 
elicited by exposing larvae reared under constant photoperiods to the 
various longer photophases for 4 weeks, to clarify the range of 
photoperiodic changes effective for phase shifts of the rhythm. 
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Chapter 1 
Circannual phase response curve 
 
Abstract 
 
We know that entrainment, a stable phase relationship with an 
environmental cycle, must be established for a biological clock to function 
properly. Phase response curves (PRCs), which are plots of phase shifts that 
result as a function of the phase of a stimulus, have been created to 
examine the mode of entrainment. In circadian rhythms, single-light pulse 
PRCs have been obtained by giving a light pulse to various phases of a 
free-running rhythm under continuous darkness. This successfully explains 
the entrainment to light-dark cycles. Some organisms show circannual 
rhythms. In some of these, changes in photoperiod entrain the circannual 
rhythms. However, no single-pulse PRCs have been created. Here I show 
the PRC to a long-day pulse superimposed for 4 weeks over constant short 
days in the circannual pupation rhythm in the varied carpet beetle, 
Anthrenus verbasci. Because the shape of that PRC closely resembles that 
of the Type 0 PRC with large phase shifts in circadian rhythms, I suggest 
that an oscillator, having a common feature in the phase response with the 
circadian clock, produces a circannual rhythm. 
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Introduction 
 
The study of biological rhythms and the awareness of their existence 
became widespread during the twentieth century (Dunlap et al. 2004). We 
know that most biological rhythms have an endogenous period that is close 
to a period of certain astronomical cycles and that they entrain to an 
external cycle under natural conditions. These rhythms are designated by 
the prefix “circa”. Five circarhythms related to external cycles exist, and 
they are: circatidal, circadian, circasemilunar, circalunar and circannual 
(Saunders 2002; Dunlap et al. 2004). Studies show that a self-sustaining 
oscillator generates the circadian rhythm, and we know both the anatomical 
location and the cellular and molecular bases of the oscillator (Saunders 
2002; Dunlap et al. 2004). However, it is still unclear whether other 
circarhythms are generated by self-sustaining oscillators with the period of 
the apparent rhythms (Neumann 1981; Gwinner 1986; Morgan 1991; 
Dunlap et al. 2004). 
We know that entrainment, a stable phase relationship with an 
environmental cycle, must be established for a biological clock to function 
properly (Pittendrigh 1981; Johnson et al. 2003). Phase response curves 
(PRCs), which are plots of phase shifts that result as a function of the phase 
of a stimulus, have been created to examine the mode of entrainment 
(Pittendrigh and Minis 1964; Johnson 1999; Saunders 2002). In circadian 
rhythms, PRCs are determined by six different protocols (Aschoff 1965). 
The protocol most commonly used is the one in which single light pulses 
systematically perturb one full circadian cycle of an organism that is 
free-running in continuous darkness. In this protocol, a single light pulse 
advances the phase, delays the phase, or has little or no effect. The outcome 
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is determined by the phase of the circadian rhythm in which the pulse was 
given. In single-pulse PRCs in circadian rhythm, a light pulse in early 
subjective night generally delays the phase whereas a light pulse in late 
subjective night advances the phase. Under natural conditions, therefore, 
light advances the rhythm in the morning or delays it in the evening, so that 
entrainment can be established. Thus, the PRCs produced with single light 
pulses not only successfully explain the mechanism of entrainment by 
light-dark cycles, but also can be used as probes which detect the phase, the 
period, and the amplitude of circadian oscillators (Pittendrigh and Minis 
1964; Pittendrigh 1981; Johnson 1999; Saunders 2002). 
Circannual rhythms were first clearly described in the late 1950‟s 
and ultimately detected in various animals and plants (Pengelley and Fisher 
1957; Blake 1959; Mrosovsky 1978; Gwinner 1986; Dunlap et al. 2004). 
However, very few details of the physiological basis of circannual rhythms 
exist (Gwinner 1986; Dunlap et al. 2004). The only reliable example of a 
circannual rhythm in insects is shown when the circannual rhythm of the 
varied carpet beetle, Anthrenus verbasci (L.) (Coleoptera, Dermestidae), 
restricts pupation in the spring (Blake 1959; Nisimura and Numata 2001, 
2003). Adults of this species are found around May in central Japan, and 
larvae pupate in April under natural photoperiod and temperature (Kiritani 
1958; Nisimura and Numata 2003). When larvae are reared under 12 hours 
of light and 12 hours of darkness (LD 12:12) at various constant 
temperatures, the insect shows a periodical pattern in pupation at about 
40-week intervals. This population rhythm shows a self-sustaining feature, 
temperature compensation, and entrainment to a zeitgeber, and therefore 
the rhythm satisfies all the criteria for real endogenous circarhythms 
(Nisimura and Numata 2001). The predominant zeitgeber is the change in 
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photoperiod, and this rhythm with a period considerably shorter than a year 
must be entrained to an exact year, responding to change in photoperiod 
under natural conditions (Nisimura and Numata 2001, 2003). Some 
vertebrates also respond to changes in photoperiod for circannual rhythms 
(Goss 1969; Gwinner 1977, 1986; Dunlap et al. 2004), although no 
single-pulse PRCs have been created in the circannual rhythms of any 
organisms. 
In this chapter, I examined the phase response of the circannual 
pupation rhythm in A. verbasci by exposing larvae kept under LD 12:12 to 
LD 16:8 for 4 weeks (4-week long-day pulse) at various phases of the 
rhythm. LD 12:12 and LD 16:8 are regarded as short-day and long-day 
conditions, respectively, because the critical day length is between 13 and 
14 hours (Nisimura and Numata 2003). Then I constructed a single-pulse 
PRC. 
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Materials and methods 
 
Adults of A. verbasci were collected in Osaka City, Japan (34.7°N, 
135.5°E), in April and May of 2002. They were kept under LD 16:8 at 25 ± 
1°C, and their progeny larvae were transferred to LD 12:12 at 20 ± 1°C 
within a week after hatching. The photoperiod was produced by white 
fluorescent lamps (NEC Lighting, Tokyo) and timers (Omron, Kyoto), and 
the light intensity in the photophase was about 0.9 Wm
-2
. A relative 
humidity of about 66% was maintained with a saturated solution of NaNO2. 
Dried yeast (Asahi Food and Healthcare, Tokyo) and dried bonito powder 
were provided as larval food (Nisimura and Numata 2001). 
The larvae were kept continuously under LD 12:12 at 20°C, or 
exposed to LD 16:8 at 20°C for 4 weeks. This was described in terms of a 
“4-week long-day pulse” of the following number of weeks after hatching: 
0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44, or 48. The pupation of all larvae 
was recorded each week. 
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Results 
 
In the control insects kept continuously under short-day conditions, the 
pupation showed a periodic pattern with a period shorter than one year as 
described in previous studies (Nisimura and Numata 2001, 2002, 2003). In 
the first and second pupation groups, the median larval duration was 24 and 
61 weeks, respectively, and the interval was 37 weeks (Fig. 1A). When 
larvae were exposed to long-day conditions for the first 4 weeks, pupation 
was delayed by 4-5 weeks in the first and second groups (Fig. 1B). When 
received a 4-week long-day pulse at 4 weeks after hatching, pupation of 
both groups was delayed by 9-9.5 weeks (Fig. 1C). When a 4-week 
long-day pulse was given at 8 weeks after hatching, pupation produced a 
result that was much less synchronous with the above three conditions. 
However, the median larval duration of the first group was delayed by 13 
weeks, compared to the control insects (Fig. 1D). When a 4-week long-day 
pulse was given at 12 weeks after hatching, however, pupation in the first 
group was advanced by 3 weeks, although I could not define the second 
group (Fig. 1E). The delivery of a 4-week long-day pulse at 16 weeks after 
hatching was found to advance pupation by 2-3 weeks in both groups (Fig. 
1F). When a 4-week long-day pulse was given at 20 weeks after hatching 
(the beginning of pupation in the first group in the control experiment), the 
pulse had no effect on pupation in the first group. However, the pulse 
advanced pupation in the second group by 3 weeks (Fig. 1G). A 4-week 
long-day pulse at 24 weeks after hatching advanced pupation in the second 
group by 4 weeks (Fig. 1H). When a 4-week long-day pulse was given at 
28 weeks after hatching, pupation of the second group was slightly 
advanced (Fig. 1I). When a 4-week long-day pulse was given at 32 weeks 
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after hatching, pupation of the second group was slightly delayed (Fig. 1J). 
A 4-week long-day pulse at 36 or 40 weeks after hatching delayed pupation 
in the second group (Fig. 1K, L). Also, the amplitude of the delay was 
similar to that when a 4-week long-day pulse was given 36 weeks earlier 
(Fig. 1B, C). A 4-week long-day pulse at 44 or 48 weeks after hatching split 
the second group into two groups as follows: in one group, pupation was 
advanced; in the other, pupation was delayed (Fig. 1M, N). Whether a 
4-week long-day pulse advanced or delayed the phase of the circannual 
rhythm in A. verbasci depended upon the phase in which the pulse was 
given. 
From these results, I constructed a PRC for the circannual rhythm 
by plotting the phase shift as a function of the phase at which a 4-week 
long-day pulse was started (Fig. 2A). In this curve, the period in the 
circannual rhythm under constant short-day conditions (37 weeks) was 
shown in terms of angle degrees (0-360°). In circadian rhythms, the phase 
after a 12 hour photophase is regarded as the beginning of the subjective 
night, i.e., 180°. In the circannual rhythm of A. verbasci, in the same way, 
the phase after exposing to long-day conditions for 26 weeks (half a year) 
can be regarded as the beginning of the subjective winter, i.e., 180°. When 
larvae were transferred to short-day conditions after exposure to long-day 
conditions for 26 weeks, the next pupation peak was 23 weeks after the 
transfer (Fig. 8E of Nisimura and Numata 2001). In this chapter, the period 
from the beginning of the control experiment to the first pupation peak was 
24 weeks, similar to the above value (Fig. 1A). In circadian rhythms, 
moreover, a light pulse given at 180° generally delays the phase by the 
duration of the pulse (e.g., Saunders 1978), and a 4-week long-day pulse at 
the beginning of the experiment delayed the phase by 4-5 weeks in the 
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circannual rhythm of A. verbasci (Fig. 1B). Therefore, the initial phase was 
regarded as 180°. 
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Discussion 
 
In single-pulse PRCs in circadian rhythm, a light pulse in early subjective 
night generally acts as a “new dusk” and causes a phase to delay. In 
contrast, a light pulse in late subjective night acts as a “new dawn” and 
causes a phase to advance. Pulses applied in subjective day have little or no 
effect on the phase (Pittendrigh 1981; Johnson 1999; Saunders 2002). 
Figure 2B shows a typical example of this. In circannual rhythms, however, 
PRCs have been achieved only in the rainbow trout, Oncorhynchus mykiss, 
and A. verbasci. These circannual PRCs were constructed by one-step 
transitions from long-day to short-day conditions (Duston and Bromage 
1988; Nisimura and Numata 2001). Spawning in O. mykiss and pupation in 
A. verbasci were delayed as the photoperiod was later changed. 
Accordingly, these PRCs monotonically decreased, and after perturbation, 
the rhythms reached a similar phase, such as late summer or autumn. In O. 
mykiss, a similar phase response was shown when two months of 
continuous light was introduced to naturally changing day length. However, 
this curve does not satisfy the definition of the PRC, in which the 
free-running rhythm is perturbed under constant conditions, because the 
rhythm in O. mykiss entrained to seasonally changing day length before 
perturbation. Spawning is delayed as continuous light is applied at a later 
time, with the post-perturbation phase always occurring near summer 
solstice (Randall et al. 1998). If the post-perturbation phase is stable, the 
response curve does not reflect the oscillation of the rhythm before 
perturbation. This condition is shown also in circadian PRCs with stronger 
light pulses (Saunders 1978; Johnson 1999). 
In this instance, I first show a PRC that reflects the nature of the 
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oscillation producing the circannual rhythm by applying 4-week long-day 
pulses. In such a PRC, a long-day pulse carries two different meanings, 
depending on the phase at which the pulse is given. I propose that when a 
4-week long-day pulse acts as an “autumn signal”, it causes a phase delay. 
When a 4-week long-day pulse acts as a “spring signal”, it causes a phase 
advance, in the same way as a light pulse acts as a “new dusk” or a “new 
dawn” in circadian rhythms. The circannual PRC to 4-week long-day 
pulses can explain the entrainment to the naturally changing day length, as 
in discrete (nonparametric) entrainment of the circadian rhythm that 
involves almost instantaneous phase shifts in response to short light pulses, 
although I cannot deny the possibility that the angular velocity in the 
circannual rhythm is continuously influenced by naturally changing day 
length, as in continuous (parametric) entrainment of the circadian rhythm. 
Circadian PRCs that are based discrete entrainment may be used to 
calculate and predict all formal aspects of the phenomenon with 
considerable precision (Pittendrigh 1981; Saunders 2002). In the circannual 
rhythm of A. verbasci, the period under constant short-day conditions was 
about 37 weeks, considerably shorter than a year. Under natural conditions, 
therefore, most important for entrainment appears the delay in the phase of 
the circannual rhythm by long-day conditions in early autumn. Because 
most individuals pupate in February under naturally changing day length at 
constant 20°C (Nisimura and Numata 2003), long-day conditions in early 
spring seem to play no important role in the entrainment. Therefore, 
previous discussion on the entrainment of the circannual rhythm under 
natural conditions depending on the PRC to one-step transitions from 
long-day to short-day conditions is still valid (Nisimura and Numata 2003). 
This circannual PRC to 4-week long-day pulses closely resembles the 
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Type 0 PRC of circadian rhythms with its large phase shifts and a break 
point in the middle of the subjective night (Winfree 1970; Johnson 1999) 
(Fig. 2A, B). In the circannual rhythm of A. verbasci, the 4-week long-day 
pulse near the break point caused a phase delay in some subjects, and 
caused a phase advance in others. There are large individual variations in 
the endogenous period of circannual rhythms (Gwinner 1986) (see Fig. 1A). 
These variations probably produced differences in the phase at which a 
4-week long-day pulse was given. Therefore, both advances and delays 
were produced by a pulse given apparently in the same phase. I observed 
less synchronous pupation when a 4-week long-day pulse was given at 8 
weeks after hatching, than when a pulse was given at some other point. 
This treatment resulted in a large phase delay in the first circannual cycle. It 
should also be noted that, in the circadian eclosion rhythms of flies, 
Drosophila pseudoobscura and Sarcophaga argyrostoma, arrhythmicity is 
most marked when single light pulses commence at phases close to the 
maximum phase shift (Winfree 1970; Saunders 1978). Because of this, I 
recognize again the similarity between circannual and circadian rhythms in 
responses to single pulses of a zeitgeber. Moreover, even though only phase 
delays occur probably under natural conditions as discussed above, both the 
delays and advances are similar between circadian and circannual PRCs. 
This similarity in PRCs indicates that there is a point common between the 
circadian and circannual mechanisms. 
Although the mechanism that generates the endogenous circannual 
rhythm has not been clarified, three hypotheses have been proposed for the 
mechanism (Mrosovsky 1978; Gwinner 1986). (1) Circannual rhythms are 
derived from circadian rhythms through frequency demultiplication 
(Gwinner 1973). This hypothesis seems acceptable, because it is generally 
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accepted that a circadian oscillator exists in most organisms (Dunlap et al. 
2004), and no other oscillator is necessary for this hypothesis. However, the 
experimental results did not support this in all the animals examined 
including A. verbasci (Gwinner 1981; Carmichael and Zucker 1986; 
Nisimura and Numata 2002). (2) Circannual cycles are composed of a 
series of stages that take a relatively fixed amount of time to complete 
(Mrosovsky 1978). This hypothesis theoretically explains the circannual 
mechanism, although no direct experimental results have supported it in the 
past (Mrosovsky 1978). (3) Circannual rhythms are generated by a 
self-sustaining oscillator with a period of about one year analogous to the 
circadian oscillator. One defect of this hypothesis is that one of the major 
characteristics of circadian rhythms, temperature compensation, has rarely 
been shown in circannual rhythms of homeotherms (Pengelley and 
Asmundson 1969; Gwinner 1986). In A. verbasci, however, temperature 
compensation in the period of circannual rhythm was clearly shown with 
the advantage of a poikilotherm (Blake 1959; Nisimura and Numata 2001). 
Moreover, I show here that there is a common feature in phase responses 
between the circannual rhythm of this species and circadian rhythms in 
other organisms. Therefore, it is quite adequate to assume that, at least in A. 
verbasci, the circannual rhythm is generated by a circannual oscillator. 
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Chapter 2 
Weak phase resetting and a phase singularity 
 
Abstract 
 
In circadian rhythms, the shape of phase response curves (PRCs) depends 
on the strength of the resetting stimulus. Weak stimuli produce Type 1 
PRCs with small phase shifts and a continuous transition between phase 
delays and advances, whereas strong stimuli produce Type 0 PRCs with 
large phase shifts and a distinct break point at the transition between delays 
and advances. A stimulus of an intermediate strength applied close to the 
break point in a Type 0 PRC sometimes produces arrhythmicity. A PRC for 
the circannual rhythm was obtained in pupation of the varied carpet beetle, 
Anthrenus verbasci, by superimposing 4-week long-day pulses over 
constant short days. The shape of this PRC closely resembles that of the 
Type 0 PRC. This chapter shows that the PRC to 2-week long-day pulses 
was Type 1 and a 4-week long-day pulse administered close to the PRC‟s 
break point induced arrhythmicity in pupation. It is, therefore, suggested 
that circadian and circannual oscillators share the mode of phase resetting 
to the stimuli, regardless of the length of a period. 
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Introduction 
 
Circadian and circannual rhythms observed in a variety of species are 
considered as the results of adaptation to the environmental change 
produced by a daily cycle attributed to the earth‟s rotation and by a yearly 
cycle attributed to the earth‟s revolution, respectively. In both of these 
rhythms, endogenous periodicity continues in conditions with no 
exogenous signal that informs about the corresponding geophysical cycle 
(Dunlap et al. 2004). The inherent period is corrected by the external 
zeitgeber so that entrainment to the environmental cycle can be achieved 
successfully. Typically, the dominant zeitgeber is light and photoperiod in 
circadian and circannual rhythms, respectively. Circadian and circannual 
rhythms have common features concerning their performance in the 
entrainment (Gwinner 1986). 
Circadian clock systems have been explained in a large number of 
cellular and molecular biological approaches, and even in mathematical 
modeling (Dunlap et al. 2004). Our understanding of timing mechanisms 
controlling circannual rhythms, however, is absolutely lacking compared to 
those controlling circadian rhythms (Gwinner 1986; Zucker 2001). 
Nisimura and Numata (2001) demonstrated in the circannual pupation 
rhythm of the varied carpet beetle, Anthrenus verbasci (L.) (Insecta, 
Coleoptera, Dermestidae), that this rhythm shows a self-sustaining feature, 
temperature compensation, and entrainment to a zeitgeber, which are 
known as major characteristics of biological rhythms (Dunlap et al. 2004). 
A subsequent investigation using a single stimulus of the zeitgeber 
revealed the analogy between circadian and circannual phase resetting. 
Larvae of A. verbasci were kept under short-day conditions of 12 hours of 
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light and 12 hours of darkness (LD 12:12) and were exposed to long-day 
conditions of LD 16:8 for 4 weeks (4-week long-day pulse) at various 
phases of the circannual rhythm. A phase response curve (PRC) for the 
circannual rhythm was constructed on the basis of phase-dependent phase 
shifts. This curve explicitly displayed that a 4-week long-day pulse in early 
subjective winter delayed the phase, whereas a 4-week long-day pulse in 
late subjective winter advanced the phase. These phase responses are 
reminiscent of the resetting behavior exhibited in circadian PRCs obtained 
by single light perturbations of the free-running rhythm in continuous 
darkness: A light pulse applied in early subjective night elicits a phase 
delay and a light pulse applied in late subjective night elicits a phase 
advance (Chapter 1). 
In the circadian eclosion rhythm of the fruit fly, Drosophila 
pseudoobscura, Winfree (1970) systematically examined the responses of 
the clock to single light pulses of the different durations at the different 
phases. He realized that the resultant PRC can be classified into two types, 
i.e., Type 1 in the case of short pulse lengths and Type 0 in the case of long 
pulse lengths. Type 1 PRCs display relatively small responses amounting 
usually to phase shifts of less than 6 h and have a continuous transition 
between delays and advances. Type 0 PRCs show large phase shifts and 
have a discontinuity or break point at the transition between delays and 
advances. The prominent difference between Type 1 and Type 0 phase 
resetting is apparent in responsiveness to stimuli near the middle of the 
subjective night. Namely, phase shifts are seldom induced in Type 1, 
whereas are strikingly induced, in some cases a half-cycle phase shift, in 
Type 0 (Johnson 1999). In addition, Winfree (1970) found that 
arrhythmicity could be evoked by a single pulse of intermediate lengths 
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delivered near the middle of the subjective night. He successfully explained 
these results dependent on pulse lengths in terms of the limit cycle 
oscillator and its phaseless singularity, occasionally in terms of a 
population of oscillators (Winfree 1970, 1980). 
Experimental results of long-day pulse administration showed 
similar responses to the circadian phase-resetting responses found by 
Winfree (1970) in the circannual rhythm of A. verbasci: (1) When the 
duration of the long-day pulse was 1 week or 2 weeks, the magnitude of the 
phase shifts was much smaller than that expressed by a 4-week long-day 
pulse (Nisimura et al. 2005). (2) The circannual PRC to 4-week long-day 
pulses showed large phase shifts and a distinct break point in the middle of 
the subjective winter (Chapter 1). (3) Less synchronous pupation was 
induced by a 4-week long-day pulse given near the phase in which the 
direction of the phase shift changed from delay to advance in the first 
circannual cycle, i.e., in the middle of the subjective winter in the 
circannual PRC (Chapter 1). 
In this chapter, I examined phase responses in the circannual 
rhythm of A. verbasci to 2-week long-day pulse administration at various 
phases during the circannual cycle and also to 4-week long-day pulse 
administration near the PRC‟s break point, to investigate the relationship 
between phase resetting of the circannual rhythm and the strength of 
long-day stimuli applied at the circannual phases, especially in the middle 
of the subjective winter. 
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Materials and methods 
 
Adults of A. verbasci were collected in Osaka City, Japan (34.7°N, 
135.5°E), in April and May in 2002 and 2004, and their progeny larvae 
were used for experiments. The collected adults and the newly emerged 
adults in the laboratory were kept under LD 16:8 at 25 ± 1°C, and their 
progeny larvae within a week after hatching were transferred to LD 12:12 
or LD 16:8 at 20 ± 1°C and about 66% relative humidity. Dried bonito 
powder and dried yeast were provided as larval food (Nisimura and 
Numata 2001). The photoperiod was produced by white fluorescent lamps 
(NEC Lighting, Tokyo) and timers (Omron, Kyoto), and the light intensity 
in the photophase was about 0.9 Wm
-2
. 
A series of perturbation experiments with 2-week long-day pulses 
was designed as follows: Larvae reared under LD 12:12 were exposed to 
LD 16:8 for 2 weeks beginning 0, 4, 8, 10, 12, 16, 20, 24, 28, 32, 36, 40, 44, 
46, or 48 weeks after hatching, or kept continuously under LD 12:12. A 
series of perturbation experiments with 4-week long-day pulses was 
designed as follows: Larvae reared under LD 12:12 were exposed to LD 
16:8 for 4 weeks beginning 7, 8, 9, 10, 11, or 12 weeks after hatching, 
which is near the PRC‟s break point shown in Chapter 1, or kept 
continuously under LD 12:12. The pupation of all larvae was recorded each 
week. 
The degree of rhythmicity or phase coherence in pupation was 
measured by extending the concept of the parameter “R” by Winfree (1970) 
from circadian to circannual rhythm research. I cut a record of successive 
weekly pupal counts into three segments of the following assumed 
circannual period: 37, 38, 39, 40, or 41 weeks. These three segments were 
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added together to give a single pooled record of the assumed period. The 
consecutive 13 weeks of this record, which corresponds to about one-third 
of the entire assumed period, was then determined to contain the highest 
number of pupations. The measure R was calculated by dividing the 
number of pupations outside this 13-week period by the number of 
pupations within it and multiplying by 100. I adopted only the smallest R 
of five values calculated at each of the five assumed periods, i.e., the one 
indicating the most rhythmicity. Statistically complete arrhythmicity is 
shown by values of R approaching about 150 (Winfree 1970). Values of R 
of 60 or less are considered “rhythmic”, those between 60 and 90 “weakly 
rhythmic”, and those greater than 90 “arrhythmic” (e.g., Smith 1985; 
Lankinen and Riihimaa 1992). 
 23 
Results 
 
Construction of a circannual PRC to 2-week long-day pulses 
 
The pupation showed a periodic pattern with a circannual period in each 
regime, although most individuals pupated as the first group and the 
number of pupae in the second group was very small (Fig. 3). In the control 
insects kept continuously under short-day conditions of LD 12:12, the 
median larval duration in the first and second groups was 25 and 69 weeks, 
respectively, and the interval was 44 weeks (Fig. 3A). A 2-week long-day 
pulse advanced or delayed the phase of the circannual pupation rhythm 
depending on the phase in which the pulse was given (Fig. 3B-O), except 
when the pulse was given at 48 weeks after hatching (Fig. 3P). 
From these results, I constructed a PRC for this circannual rhythm, 
following Chapter 1 (Fig. 4). The phase shift in the pupation group 
composed of 5 or more individuals was plotted as a function of the phase at 
which a 2-week long-day pulse was started. The period in the circannual 
rhythm under constant short-day conditions was shown in terms of angle 
degrees (0-360°). The initial phase under constant short-day conditions was 
represented as the beginning of the subjective winter (180°). The 0-180° 
was regarded as “subjective summer” and the 180-360° “subjective winter”. 
Phase shifts caused by a 2-week long-day pulse are relatively smaller than 
those caused by a 4-week long-day pulse and a PRC to 2-week long-day 
pulses has a continuous transition between delays and advances in the 
middle of the subjective winter. Therefore, this curve is categorized as Type 
1. 
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Less synchrony induced by 4-week long-day pulses near the break point of 
the PRC 
 
When larvae were kept continuously under short-day conditions as the 
control, the pupation obviously showed a periodic pattern with a circannual 
period. In the first and second pupation groups, the median larval duration 
was 24 and 62 weeks, respectively, and the interval was 38 weeks (Fig. 5A). 
When a 4-week long-day pulse was given at 7 weeks after hatching, most 
individuals pupated 28-51 weeks after hatching and the median larval 
duration of this group was 38 weeks. This response was considered the 
phase-delay response in the first group by 14 weeks, although I could not 
define the second group. Pupation of the first group was asynchronous as 
compared to the control insects (Fig. 5B). A 4-week long-day pulse at 8, 9, 
or 10 weeks after hatching produced much less synchronous pupation than 
that at 7 weeks after hatching. The pupation was observed almost every 
week over about 20-80 weeks after hatching, which corresponded 
approximately to the period from the beginning of the first group to the end 
of the second group in the control. These responses can be regarded as 
neither delay nor advance in the circannual phase (Fig. 5C-E). When a 
4-week long-day pulse was given at 11 or 12 weeks after hatching, however, 
pupation showed a periodic pattern. In both of these conditions, a phase 
advance by 5 weeks was observed in the second group, although only a 
little phase shift was shown in the first group (Fig. 5F, G). 
 The degree of rhythmicity in pupation under the above seven 
conditions was represented by the values of R (Fig. 6). Pupation was 
rhythmic when a 4-week long-day pulse was given at 7, 11, or 12 weeks 
after hatching, or no long-day pulse was given. When larvae received a 
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4-week long-day pulse at 8 weeks after hatching, pupation was weakly 
rhythmic. When a 4-week long-day pulse was given at 9 or 10 weeks after 
hatching, pupation was arrhythmic. A 4-week long-day pulse at 9 weeks 
after hatching gave rise to the most arrhythmic pattern. 
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Discussion 
 
In this chapter, I examined the dependence of the magnitude of the phase 
shift on the duration of the long-day pulse in the circannual rhythm of A. 
verbasci. Phase shifts to 2-week long-day pulses were much smaller than 
those to 4-week long-day pulses shown in Chapter 1. In Figure 3A, a 
circannual period under constant short-day conditions of LD 12:12 was 44 
weeks, which was different from 37 weeks in Figure 1A of Chapter 1. 
Although the cause of this difference is unclear, it is unlikely that the 
difference in the period had an effect on the magnitude of the phase shift. 
In another experiment shown in Chapter 4, the period under constant 
short-day conditions of LD 12:12 was also 44 weeks (Fig. 11A of Chapter 
4) and a 4-week long-day pulse given at 4 weeks after hatching delayed 
pupation in the first group by 8 weeks (Fig. 11E of Chapter 4). This 
magnitude of the phase delay is close to that (9 weeks) to a 4-week 
long-day pulse at 4 weeks after hatching in Chapter 1, in which the period 
under constant short-day conditions was 37 weeks as described above. In 
this chapter, therefore, I assume that the magnitude of the phase shift 
depends on the pulse length, but dose not on the period of the circannual 
cycle. 
It has been suggested that the circannual rhythm of A. verbasci is 
generated by a self-sustaining biological oscillator with a period of about 
one year analogous to the circadian oscillator (Nisimura and Numata 2001; 
Chapter 1). In this chapter, the results provided further similarities of the 
mode of phase resetting between circadian and circannual rhythms. 2-week 
long-day pulses induced Type 1 phase resetting in the circannual rhythm of 
A. verbasci. Moreover, it was demonstrated that arrhythmicity in this 
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circannual rhythm was evoked by a 4-week long-day pulse administered 
close to the phase in which the direction of the phase shift changes from 
delay to advance. Thus, phase resetting dependent on pulse lengths 
systematized by Winfree (1970) was also observed in the circannual 
rhythm of A. verbasci. Therefore, 2 weeks in duration of the long-day pulse 
is regarded as the short pulse length, a stimulus of which can cause Type 1 
phase resetting, and 4 weeks is regarded as the intermediate pulse length, a 
stimulus of which can evoke arrhythmicity by the delivery at a proper 
phase. 
Chapter 1 showed that the evidential data of Type 0 phase resetting 
in this rhythm were obtained by 4-week long-day pulse administration. In 
the second cycle, a 4-week long-day pulse near the PRC‟s break point 
caused a phase delay in some subjects and a phase advance in the others, 
because of individually different phases in the time at which the pulse was 
given. Because a few individuals showed little or no phase shift, this 
discrete transition from delay to advance in the second group was 
considered as the indication of Type 0 phase resetting (Fig. 1M, N of 
Chapter 1; Nisimura et al. 2005). Hence, it appears that the 4-week duration 
of the long-day pulse is an intermediate pulse length in the first cycle and is 
a long pulse length in the second cycle. In the circadian eclosion rhythm of 
the fruit fly, Drosophila pseudoobscura, the 20-second light pulses caused 
Type 1 phase resetting during the first circadian cycle, whereas caused 
Type 0 phase resetting during the second and third circadian cycles 
(Winfree 1972a). In the circannual pupation rhythm of A. verbasci, 
responsiveness to photoperiodic changes is probably also different between 
the first and second cycles. Consequently, phase resetting induced by 
long-day pulses in the circannual rhythm of A. verbasci shows Type 1 or 
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Type 0, or infrequently arrhythmic behavior like phase resetting induced by 
light pulses in circadian rhythms. 
The mathematical model for phase resetting in the circadian 
rhythms often interprets the circadian clock as a limit cycle oscillator 
(Winfree 1980; Pavlidis 1981; Lakin-Thomas 1995). According to this 
topological model, state variables of the circadian clock oscillate in phase 
space around a trajectory of the limit cycle. The central portion of the limit 
cycle is called the singularity. A circadian phase is uniquely determined by 
the oscillating state variables and changes of the state variables in phase 
space are provoked by the resetting stimuli. The magnitude of the changes 
depends on the strength of the stimuli, e.g., the duration or intensity of light 
pulses. In the middle of the subjective night, Type 1 (or weak) resetting 
stimuli do not move the state variables beyond the singularity of the limit 
cycle and then induce little or no phase shift, whereas Type 0 (or strong) 
resetting stimuli do move the state variables beyond the singularity and 
then strikingly induce a phase shift. Furthermore, when the strength of a 
resetting stimulus is between the strength of Type 1 resetting stimuli and 
the strength of Type 0 resetting stimuli, state variables are changed to the 
region close to the singularity and then singular behavior observed as 
arrhythmicity or unpredictable phase shifts could be evoked. Such a 
stimulus is called a “singular stimulus” or a “critical stimulus” and has 
been reported in circadian rhythms of insects (Winfree 1970; Winfree and 
Gordon 1977; Saunders 1978; Peterson 1980, 1981), higher plants 
(Engelmann and Johnsson 1978), unicellular algae (Taylor et al. 1982; 
Malinowski et al. 1985; Johnson and Kondo 1992) and mammals (Jewett et 
al. 1991; Honma and Honma 1999). In this chapter, I first show the 
presence of a singular stimulus that induces arrhythmic behavior in the 
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circannual rhythm. 
Type 1 and Type 0 phase resetting and singular behavior evoked by 
effective stimuli have also been confirmed in other endogenous biological 
rhythms with a significantly shorter period than circadian rhythms, e.g., the 
glycolytic oscillation in yeast (Winfree 1972b), the oscillatory transpiration 
of the oat, Avena sativa (Johnsson 1976; Johnsson et al. 1979), the neural 
oscillator generating the heartbeat rhythm in the leech, Hirudo medicinalis 
(Peterson and Calabrese 1982), and the pacemaker activity in cardiac tissue 
and the nerve activity controlling the respiratory oscillation in mammals 
(e.g., Jalife and Antzelevitch 1979; Paydarfar et al. 1986). This indicates 
the significant analogy of resetting responses between the circadian and 
non-circadian rhythms and implies the similarity between the circadian and 
non-circadian rhythms in the perspective of mathematical modeling. I 
showed Type 1 and Type 0 phase resetting and the existence of the phase 
singularity in the circannual rhythm with a far longer period than a day. 
Here I suggest that many biological oscillators producing a nearly constant 
periodicity share the mode of phase resetting to the stimuli, regardless of 
the length of a period. 
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Chapter 3 
Phase responses under naturally changing day length 
 
Abstract 
 
In the varied carpet beetle, Anthrenus verbasci, I examined the effects on 
the circannual pupation rhythm of a short-day or long-day pulse under 
naturally changing day length at a constant 20°C. A short-day pulse for 4 
weeks caused a prominent phase delay or advance under constant long days, 
but had little or no effect on the phase under naturally changing day length 
between 4 August and 24 November. A long-day pulse for 4 weeks given 
under naturally changing day length caused a phase shift in the first 
pupation group, as under constant short days. A 4-week long-day pulse 
given on 4 August, 1 September, or 29 September caused a phase delay, 
and a pulse given on 27 October or 24 November caused a phase advance. 
Pupation was least synchronous just before the transition from delaying to 
advancing. However, the magnitude of phase delays was much smaller 
under natural day length than under short days. In the second pupation 
group, larvae pupated at the same time as in the control experiment without 
a long-day pulse, and this result can be attributed to entrainment to the 
geophysical year by long days in spring and summer. 
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Introduction 
 
Circannual rhythms have been reported in various animals and plants. 
Under constant conditions without seasonal information, these rhythms 
persist with an endogenous period close to a year and entrain to an annual 
cycle under natural conditions (Gwinner 1986; Dunlap et al. 2004). The 
varied carpet beetle, Anthrenus verbasci (L.) (Insecta, Coleoptera, 
Dermestidae), shows a circannual pupation rhythm (Blake 1959; Nisimura 
and Numata 2001). Under natural conditions, larval development of this 
species takes one or more years, and fully grown larvae pupate in spring. 
Under short-day conditions, the rhythm persists with a period of about 40 
weeks, although under long-day conditions pupation is less synchronous. 
The zeitgeber to control this circannual rhythm is the change in 
photoperiod (Nisimura and Numata 2001). 
 Phase response curves (PRCs) are plots of phase shifts that result as 
a function of the phase of a stimulus, and they were devised to examine the 
mode of entrainment (Johnson 1999; Saunders 2002). Relevant to the 
circannual rhythm in A. verbasci, I determined a PRC to a long-day pulse 
superimposed for 4 weeks over constant short-day conditions (Chapter 1). 
The PRC reflects the nature of the oscillation producing the circannual 
rhythm. A 4-week long-day pulse causes a phase delay or a phase advance, 
depending on the phase at which the pulse is given, similarly to a light 
pulse under continuous darkness in circadian rhythms. The circannual PRC 
resulting from these phase shifts closely resembles a circadian PRC. I thus 
assumed that the circannual rhythm is generated by a circannual oscillator 
having features in common with the circadian clock, including the phase 
response (Chapter 1). 
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 Nisimura and Numata (2003) showed that the circannual pupation 
rhythm in A. verbasci entrains to an exact year under naturally changing 
day length at a constant temperature, and they explained this entrainment as 
a phase delay induced by a decrease in day length in autumn. However, 
temporal changes in the phase of the circannual oscillator under naturally 
changing day length remained unclear. If we compare the phase shift 
caused by a photoperiodic stimulus under naturally changing photoperiod 
with the PRC resulting from a photoperiodic stimulus under constant 
photoperiodic conditions, we can describe the temporal change in phase 
under naturally changing day length in terms of the phase in the PRC. 
 Under naturally changing day length, phase shifts depend on the 
season at which a photoperiodic stimulus is given in the circannual rhythm 
of the willow warbler, Phylloscopus trochilus, the European starling, 
Sturnus vulgaris, and the rainbow trout, Oncorhynchus mykiss (Gwinner 
1971, 1973; Randall et al. 1998). In these species, however, PRCs resulting 
from the same stimulus under constant photoperiodic conditions have not 
been obtained; therefore, we cannot describe temporal phase changes in 
terms of the phase of PRCs. 
 In this chapter, I focused my attention on the nature of the 
oscillation producing the circannual rhythm in A. verbasci under naturally 
changing day length. I first examined the effect of a short-day pulse 
superimposed for 4 weeks over constant long-day conditions. I then 
observed the phase responses to long-day and short-day pulses for 4 weeks 
given under naturally changing day length from August to November. The 
goal was to describe temporal changes in phase under naturally changing 
day length in terms of the phases of PRCs. 
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Materials and methods 
 
Adults of A. verbasci were collected in Osaka City, Japan (34.7°N, 
135.5°E), in April and May in 2002 and 2003. The adults and their eggs 
were kept under 16 h light and 8 h darkness (LD 16:8) at 25 ± 1°C, and 
larvae within a week after hatching were used for experiments at 20 ± 1°C 
and about 66% relative humidity. Dried bonito powder and dried yeast 
were provided as larval food (Nisimura and Numata 2001). A constant 
photoperiod was produced by white fluorescent lamps (NEC Lighting, 
Tokyo) and timers (Omron, Kyoto), and the light intensity in the 
photophase was about 0.9 Wm
-2
. For rearing under naturally changing day 
length at a constant temperature, an incubator was placed beside a window 
facing north in the laboratory. The transparent side of the incubator faced 
the window, and only natural sunlight was permitted to enter it. At midday 
on sunny days, the light intensity inside the incubator was 5-22 Wm
-2
. 
 In the first experiment, larvae reared under LD 16:8 were exposed 
to LD 12:12 for 4 weeks beginning 4, 12, 20, or 28 weeks after hatching, or 
kept continuously under LD 16:8. In the second experiment, larvae from 26 
May or 2 June 2003 reared under naturally changing day length were 
exposed to LD 16:8 or LD 12:12 for 4 weeks beginning on 4 August, 1 
September, 29 September, 27 October, or 24 November 2003, or kept 
continuously under naturally changing day length. The number of larvae 
was not counted at the beginning of the experiments, but at least 125 
individuals were used for each experimental series. The pupation of all 
larvae was recorded each week. 
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Results 
 
Phase response under long-day conditions 
 
In the control insects kept continuously under long-day conditions, many 
individuals pupated before 55 weeks after hatching, and their median larval 
duration was 43 weeks (Fig. 7A), which was close to that of the first 
pupation group under the same conditions in a previous study (Nisimura 
and Numata 2001). However, I could not define the second group because 
of less synchrony of pupation (Fig. 7A). When a 4-week short-day pulse 
was given at 4 weeks after hatching, the median in pupation was delayed 
by 13.5 weeks (Fig. 7B). When a 4-week short-day pulse was given at 12, 
20, or 28 weeks after hatching, a clearly periodic pattern of pupation was 
observed (Fig. 7C-E). Delivery of a 4-week short-day pulse at 12 weeks 
after hatching advanced pupation in the first group by 7 weeks (Fig. 7C). A 
4-week short-day pulse at 20 weeks after hatching advanced pupation in the 
first group by 3 weeks (Fig. 7D). A 4-week short-day pulse at 28 weeks 
after hatching did not shift pupation in the first group (Fig. 7E). Under 
these three conditions, the interval between the medians of larval duration 
in the first and second groups was 31-33 weeks. 
 
Effect of 4-week long-day pulses under naturally changing day length 
 
Larvae kept continuously under naturally changing day length at 20°C 
showed a periodic pattern in pupation at an interval of 51.5 weeks, and 
their rhythm entrained to an exact year. In the first pupation group, most 
individuals pupated in January and February 2004, and the median date of 
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pupation was in early February (Fig. 8A). When a 4-week long-day pulse 
was given on 4 August, pupation in the first group was delayed by 3 weeks 
(Fig. 8B). When a 4-week long-day pulse was given on 1 September, 
pupation in the first group was delayed by 5 weeks (Fig. 8C). Although a 
4-week long-day pulse given on 29 September produced much less 
synchronous pupation than the above three conditions, the median date of 
pupation in the first group was delayed by 5.5 weeks, compared to the 
control insects (Fig. 8D). When a 4-week long-day pulse was given on 27 
October, however, pupation in the first group was advanced by 2 weeks 
(Fig. 8E). When a 4-week long-day pulse was given on 24 November, 
pupation in the first group was advanced by 3 weeks (Fig. 8F). Thus, the 
phase shift in the circannual rhythm caused by a 4-week long-day pulse 
depended on the season in which the pulse was given under naturally 
changing day length. However, the median date of pupation in the second 
group changed by 1.5 weeks or less compared with the control insects, and 
most insects in the second group pupated in January and February 2005. 
 
Effect of 4-week short-day pulses under naturally changing day length 
 
When a 4-week short-day pulse was given on 4 August, pupation in the 
first group advanced slightly (Fig. 9B). A 4-week short-day pulse given on 
1 September, 29 September, or 27 October did not change the median date 
of pupation in the first group (Fig. 9C-E). When a 4-week short-day pulse 
was given on 24 November, pupation in the first group advanced by 2 
weeks (Fig. 9F). The effect of a 4-week short-day pulse on the first 
pupation group was less prominent than that of a 4-week long-day pulse. 
The median date of pupation in the second group changed by 2 weeks or 
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less compared with the control insects, and most insects in the second 
group pupated in January and February 2005, as with the 4-week long-day 
pulses. 
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Discussion 
 
In Chapter 1, I obtained a circannual PRC for A. verbasci by superimposing 
a long-day pulse for 4 weeks over constant short-day conditions, which 
closely resembles the Type 0 PRC in circadian rhythms. In the circannual 
PRC, I showed the period of the rhythm under constant short-day 
conditions in terms of angle degrees (0-360°), and considered 0-180° as 
“subjective summer” and 180-360° as “subjective winter”. The phase shift 
changed from delayed to advanced in the middle of subjective winter. 
Therefore, a 4-week long-day pulse caused a phase delay as an “autumn 
signal” and a phase advance as a “spring signal”. In this chapter, a 4-week 
long-day pulse caused phase shifts in the first pupation group under 
naturally changing day length at a constant 20°C. This phase response 
resembles that obtained by giving a 4-week long-day pulse under constant 
short-day conditions, both in the direction of the phase shift and the degree 
of synchronization (Fig. 10A, B). 
The phase response between August and November was similar to 
that in subjective winter under constant short-day conditions, because the 
phase shift caused by a 4-week long-day pulse changed from delayed to 
advanced in October. A 4-week long-day pulse given just before the 
transition from delaying to advancing caused the least synchronous 
pupation. Therefore, the circannual oscillator changes its phase from 
August to November under naturally changing day length, as occurs in 
subjective winter under constant short-day conditions. In the second 
pupation group, however, larvae pupated at the same time as in the control 
experiment without a long-day pulse, regardless of the phase response of 
the first group. This result can be attributed to entrainment to the 
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geophysical year by long days in spring and summer. 
Nisimura and Numata (2001) reported that A. verbasci showed a 
periodicity of 32 weeks in pupation under long-day conditions of LD 16:8, 
although a smaller proportion of larvae pupated less synchronously than 
under short-day conditions of LD 12:12 at 20°C. In this chapter, however, 
the timing of pupation under constant long-day conditions of LD 16:8 did 
not show a clear periodic pattern. I interpret this discrepancy to indicate 
that the circannual rhythm is not prominent under long-day conditions 
because these conditions have an inhibitory effect on pupation (Nisimura 
and Numata 2001), and sometimes a periodic pattern was not detected. In 
other animals, the obvious expression of circannual rhythms is restricted 
within a narrow range of photoperiodic conditions (Gwinner 1986). In the 
willow warbler, Phylloscopus trochilus, for example, clear circannual 
rhythms were observed under short-day conditions of LD 12:12, but the 
rhythms disappeared under long-day conditions of LD 18:6 (Gwinner 
1971). 
Despite the lower level of synchrony of pupation in A. verbasci 
under constant long-day conditions in this chapter, a short-day pulse 
superimposed for 4 weeks over constant long-day conditions caused a 
prominent phase delay or advance, similarly to a 4-week long-day pulse 
under short-day conditions (Chapter 1). When a 4-week short-day pulse 
was given at 12, 20, or 28 weeks after hatching, the interval between the 
first and second pupation groups was about 32 weeks, corresponding to the 
interval under constant long-day conditions observed by Nisimura and 
Numata (2001). Therefore, I consider a period of about 32 weeks to be 
intrinsic for this rhythm under long-day conditions, which is shorter than 
the period of about 37 weeks under short-day conditions (Nisimura and 
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Numata 2001; Chapter 1). In the rainbow trout, Oncorhynchus mykiss, the 
circannual period is also significantly shorter under long-day conditions of 
LD 18:6 than under short-day conditions of LD 6:18 (Duston and Bromage 
1986). 
In the circannual rhythm of A. verbasci, the PRC to 4-week 
long-day pulses closely resembles light-pulse PRCs in circadian rhythms 
(Chapter 1). In the same way, I can suppose that a 4-week short-day pulse 
acts like a dark pulse under continuous light in circadian rhythms. Although 
dark-pulse PRCs have not been examined as extensively as light-pulse 
PRCs in circadian rhythms, some have been mirror images of light-pulse 
PRCs. That is, dark pulses cause phase-dependent phase shifts in a 
direction opposite to that of phase shifts caused by light pulses at 
equivalent circadian phases (e.g., Subbaraj and Chandrashekaran 1978; 
Boulos and Rusak 1982; Johnson et al. 1989; also see Johnson 1999). 
 However, the PRC to 4-week short-day pulses does not seem to be a 
mirror image of the PRC to 4-week long-day pulses in the circannual 
rhythm of A. verbasci. In Chapter 1, I regarded the initial phase under 
constant short-day conditions as the beginning of subjective winter in this 
rhythm. Under constant long-day conditions, I assume that the initial phase 
is around the onset of subjective summer, because the phase is different by 
about half a cycle from that under constant short-day conditions (Fig. 1 of 
Chapter 1). A 4-week short-day pulse given at 12 weeks after hatching, 
which is in late subjective summer, caused a phase advance to the phase 24 
weeks before pupation. The phase at the onset of the 4-week short-day 
pulse corresponds to the beginning of subjective winter and, therefore, the 
pulse was considered to be an “autumn signal” (see Chapter 1). A 4-week 
short-day pulse given at 20 weeks after hatching also caused a phase 
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advance as an “autumn signal”. When a 4-week short-day pulse was given 
at 4 weeks after hatching in early subjective summer, however, the pulse 
probably acted as a “spring signal” and resulted in a prominent phase delay. 
Moreover, a 4-week short-day pulse given at 28 weeks after hatching, 
which is in subjective winter, did not shift the phase. 
A hypothesis of alternate half-cycles of subjective summer and 
winter under long-day conditions facilitates interpretation of these phase 
shifts. According to this hypothesis, a 4-week short-day pulse causes a 
phase delay in early subjective summer and a phase advance in late 
subjective summer, and has little or no effect in subjective winter. 
Therefore, the subjective summer in the PRC to 4-week short-day pulses 
probably is similar in appearance to the subjective winter in the PRC to 
4-week long-day pulses, and vice versa. Because I examined the phase shift 
by a 4-week short-day pulse only in four phases, further investigations are 
necessary to know the exact relationship among these PRCs. 
Even though a 4-week short-day pulse of LD 12:12 caused a phase 
shift under long-day conditions of LD 16:8, it had little or no effect on 
phase responses under naturally changing day length at a constant 20°C. 
One possible explanation for this apparent contradiction is that, because the 
difference between 12 h and natural day length when a pulse was given was 
much less than 4 h, which is the difference between 12 h and 16 h, the 
effect of photoperiodic stimuli was less prominent. Nevertheless, a 4-week 
short-day pulse on 24 November advanced pupation in the first group by 2 
weeks. When the 4-week short-day pulse was given, the day length 
including 1 h twilight was shorter than 12 h. A pulse of slightly longer day 
length probably produced a similar effect to that of a 4-week long-day 
pulse. 
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 In this chapter, the circannual rhythm in A. verbasci showed a phase 
response under naturally changing day length similar to that under constant 
short-day conditions between 4 August and 24 November, when the day 
length was monotonically decreasing at a rate of about 2 minutes per day, 
from 14 h 48 min to 11 h 9 min including 1 h of twilight. However, the 
insect did not recognize these changing day length as being identical to 
constant short-day conditions. The magnitude of the phase delay caused by 
a 4-week long-day pulse was much smaller under naturally changing day 
length than under short-day conditions (Fig. 10A, B). 
This difference can be attributed to the amplitude of photoperiodic 
changes, because when a 4-week long-day pulse delayed pupation in the 
first group, the natural day length including 1 h twilight was longer than 12 
h and, therefore, differed from 16 h by less than 4 h. However, the 
difference in the magnitude of phase delay is probably also due to 
modulation of the rhythm by decreasing day length. In the latter case, the 
circannual rhythm of A. verbasci entrained to an exact year, not only by 
phase shifts induced by a decrease or increase in day length crossing the 
critical value, as in discrete (nonparametric) entrainment of the circadian 
rhythm, but also by continuous modulation of the phase by the seasonal 
fluctuation of natural day length, as in continuous (parametric) entrainment 
of the circadian rhythm (Johnson et al. 2003). Further studies are required 
for a detailed discussion of these possibilities. 
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Chapter 4 
The range of photoperiodic changes effective for phase shifts 
 
Abstract 
 
A circannual pupation rhythm of the varied carpet beetle, Anthrenus 
verbasci, is entrained to an environmental cycle by changes in photoperiod. 
An exposure of larvae under short days to long days for 4 weeks can induce 
phase-dependent phase shifts (phase advances and delays). In this chapter, I 
examined the range of photoperiodic changes effective for phase shifts of 
this circannual rhythm. Under light/dark (LD) 12:12, LD 14:10 for 4 weeks 
clearly caused a phase delay as much as that by LD 15:9 and that by LD 
16:8, whereas the delay by LD 13:9 was slight. Under LD 10:14, LD 14:10 
and LD 16:8 for 4 weeks induced a phase delay, but LD 12:12 did not. 
These results indicate that a clear phase delay is induced by the 
photoperiodic change crossing a critical value, rather than the amplitude of 
the change. The magnitude of phase advances was less than that of the 
delays under both LD 12:12 and LD 10:14. It is considered that the critical 
photoperiod between LD 13:11 and LD 14:10 is maintained with a stability 
and is pivotal in entrainment of the circannual rhythm to a year by naturally 
changing day length. 
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Introduction 
 
Various endogenous biological rhythms corresponding to rhythmic 
environmental changes free-run with an intrinsic period somewhat different 
from the natural environmental period under constant conditions. Under 
natural conditions, however, the period of the biological rhythm is equal to 
that of the environment cycle with a stable phase relationship. This 
entrainment of the biological rhythm is achieved by phase shifts of the 
rhythm induced by external timing cues called zeitgebers (Dunlap et al. 
2004). In circadian rhythms, the typical and widespread protocol for 
investigating the entrainment process is that single exposures of the 
zeitgeber, particularly light pulses, are administered at various phases of the 
free-running rhythm and then the magnitude and direction of an induced 
phase shift are analyzed (Johnson et al. 2003). It is known that the 
magnitude of circadian phase shifts is affected by the intensity of light 
pulses (e.g., Chandrashekaran and Loher 1969; Sharma et al. 1999). 
Biological rhythms with an endogenous period close to a year are 
called circannual rhythms. The change in photoperiod is the dominant 
zeitgeber for entraining circannual rhythms to the natural year in most 
reported instances (Gwinner 1986; Dunlap et al. 2004). However, the 
relationship between the extent of photoperiodic changes and phase shifts 
in the circannual rhythm has not been described except one-step transition 
experiments in photoperiod in the rainbow trout, Oncorhynchus mykiss 
(Duston and Bromage 1987; Randall and Bromage 1998). 
The varied carpet beetle, Anthrenus verbasci (L.) (Insecta, 
Coleoptera, Dermestidae), pupates in the spring and the timing is controlled 
by the circannual rhythm (Blake 1959; Nisimura and Numata 2001, 2003). 
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Under 12 h of light and 12 h of darkness (LD 12:12), the pupation is 
observed at about 40-week intervals. Entrainment of this rhythm is 
accomplished by perception of changes in photoperiod under not only 
natural day length but also alternate cycles with short days of LD 12:12 and 
long days of LD 16:8 (Nisimura and Numata 2001, 2003). 
I demonstrated circannual phase shifts in this species after treatment 
with photoperiod pulses. The phase shifts were induced by single exposures 
to LD 16:8 for 4 weeks (4-week long-day pulses) under both LD 12:12 and 
naturally changing day length (Chapters 1 and 3). The direction and 
magnitude of the phase shift depended on the phase at which the 4-week 
long-day pulse was given, but the magnitude of phase delays under 
naturally changing day length was much smaller than that under LD 12:12. 
This difference raised a question whether the weaker effect of a 4-week 
long-day pulse is attributed to less amplitude of photoperiodic changes, 
because the ambient natural day length including twilights was longer than 
12 h when a 4-week long-day pulse delays the phase. To answer this 
question, it is necessary to study the effects of various amplitudes of 
photoperiodic changes. 
Pupation of A. verbasci is synchronous under constant LD 12:12, 
but less synchronous under constant LD 16:8 (Nisimura and Numata 2001). 
Nisimura and Numata (2003) reared larvae under constant LD 12:12, LD 
13:11, LD 14:10, LD 15:9, LD 16:8 and observed less synchronous 
pupation under 14 or more hours of light. Therefore, the critical day length 
for synchronous pupation was considered between 13 and 14 h. However, it 
remains unclear whether photoperiodic changes to induce the 
phase-shifting response are essential to cross the critical value. In this 
chapter, I exposed larvae reared under LD 12:12 or LD 10:14 to the various 
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longer photophases for 4 weeks at two phases to clarify the range of 
photoperiodic changes effective for phase shifts of the circannual rhythm of 
A. verbasci. 
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Materials and methods 
 
Adults of A. verbasci were collected in Osaka City, Japan (34.7°N, 
135.5°E), in April and May in 2002-2004, and their progeny larvae were 
used for experiments. The newly emerged adults and their eggs were kept 
under LD 16:8 at 25 ± 1°C, and larvae within a week after hatching were 
transferred to LD 12:12 or LD 10:14 at 20 ± 1°C and about 66% relative 
humidity. Dried bonito powder and dried yeast were provided as larval 
food (Nisimura and Numata 2001). The constant photoperiod was produced 
by white fluorescent lamps and timers, and the light intensity in the 
photophase was about 0.9 Wm
-2
. 
Two phases, 4 weeks after hatching and 14 weeks after hatching, 
were chosen as times of exposure to cause a stable phase delay and advance, 
respectively, from results in Chapter 1 concerning the effect of a 4-week 
long-day pulse of LD 16:8. Larvae reared under LD 12:12 were exposed to 
LD 13:11, LD 14:10, LD 15:9, or LD 16:8 for 4 weeks beginning 4 or 14 
weeks after hatching, or kept continuously under LD 12:12. Larvae reared 
under LD 10:14 were exposed to LD 12:12, LD 14:10, or LD 16:8 for 4 
weeks beginning 4 or 14 weeks after hatching, or kept continuously under 
LD 10:14. The pupation of all larvae was recorded each week. 
The differences in larval duration were examined statistically by the 
Steel-Dwass test with P < 0.05 taken to indicate significance (Excel Tokei, 
version 5.0, Esumi Ltd., Tokyo, Japan, 2001), unless otherwise stated. 
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Results 
 
Phase shifts under LD 12:12 
 
When larvae were kept continuously under LD 12:12, most individuals 
pupated 21-27 weeks after hatching as the first pupation group, and the 
median larval duration was 24 weeks (Fig. 11A). An exposure to a longer 
photophase for 4 weeks at 4 weeks after hatching significantly delayed 
pupation in the first group, although in larvae exposed to LD 13:11 the 
delay of pupation in the first group was only 1 week (Fig. 11B). When 
larvae were exposed to LD 14:10 or LD 15:9, pupation in the first group 
was delayed by 7 weeks (Fig. 11C, D). When larvae were exposed to LD 
16:8, pupation in the first group was delayed by 8 weeks (Fig. 11E). 
Among these three conditions, LD 16:8 delayed pupation significantly 
more than LD 14:10 and LD 15:9. Thus, an exposure to longer photophases 
for 4 weeks at 4 weeks after hatching caused a phase delay in the first 
group, but with respect to the magnitude of a delay the effect of LD 13:11 
was different from that of the other three photoperiods. Therefore, there 
was a threshold between LD 13:11 and LD 14:10. 
 A phase advance in the first group, however, was caused by an 
exposure to a much longer photophase for 4 weeks at 14 weeks after 
hatching. There was no significant difference in larval duration of the first 
group between insects exposed to LD 13:11 for 4 weeks and the control 
insects (Fig. 11F). An exposure to LD 14:10 for 4 weeks significantly 
shortened the larval duration in the first group, although the median value 
was the same as that of control insects (Fig. 11G). LD 15:9 and LD 16:8 for 
4 weeks advanced pupation in the first group by 1 and 2 weeks, 
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respectively (Fig. 11H, I). The larval duration in these two conditions was 
significantly shorter than that in the control insects, and the difference 
between the insects exposed to LD 15:9 and those to LD 16:8 was also 
significant. The larger was the amplitude of photoperiodic changes, the 
greater was the magnitude of an advance. However, a distinct boundary in 
photoperiodic changes did not appear differently from the case of the phase 
delay. 
In each regime, some insects pupated as the second group, although 
the group was composed of only 3-11 individuals. Nevertheless the median 
larval duration of the second group showed a change similar to that of the 
first group in each regime (Fig. 11A-I). 
 
Phase shifts under LD 10:14 
 
When larvae were kept continuously under LD 10:14, the median larval 
duration of the first pupation group was 26 weeks (Fig. 12A), which was 
significantly longer than that of the first group under LD 12:12 (Wilcoxon 
rank sum test, P < 0.05; Figs 11A and 12A). An exposure to LD 12:12 for 4 
weeks at 4 weeks after hatching caused no significant change in larval 
duration of the first group, whereas LD 14:10 and LD 16:8 for 4 weeks 
significantly delayed pupation in the first group (Fig. 12B-D). LD 14:10 
and LD 16:8 delayed pupation in the first group by 4 and 6 weeks, 
respectively. The delay caused by LD 16:8 was significantly larger than 
that by LD 14:10. 
An exposure to LD 12:12 for 4 weeks at 14 weeks after hatching 
did not cause a significant change in pupation of the first group (Fig. 12E). 
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However, LD 14:10 and LD 16:8 for 4 weeks advanced pupation in the first 
group by 2 and 3 weeks, respectively. The larval duration in these two 
conditions was significantly shorter than that in the control insects, 
although there was no significant difference between the insects exposed to 
LD 14:10 and those to LD 16:8 (Fig. 12F, G). 
In each regime, after the first pupation group was observed, 
rhythmicity became unclear and therefore the second group was not 
defined (Fig. 12A-G). 
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Discussion 
 
Many zeitgebers entraining the period of a biological rhythm to the 
environmental period continuously change in the magnitude under natural 
conditions. It is interesting how biological rhythms respond to the size of 
the change. In the circadian eclosion rhythm of the fruit fly, Drosophila 
pseudoobscura, when the intensity of 15-min light pulses is higher than 
about 10 lux, the magnitude of advance and delay phase shifts reaches the 
maximum value, and when the intensity of light pulses is lower than 1 lux, 
only delay phase shifts are discernible. Pulses between 1 and 10 lux cause 
intensity-dependent phase shifts (Chandrashekaran and Loher 1969). In the 
circadian locomotor activity rhythm of the field mouse, Mus booduga, 
phase shifts to 15-min light pulses also show a limited dependence on the 
intensity, although critical intensities needed to induce a saturating 
response are about 100 lux in the phase advance and about 500 lux in the 
phase delay (Sharma et al. 1999). 
In this chapter, I examined responsiveness of the circannual 
pupation rhythm of A. verbasci to the size of photoperiodic changes under 
LD 12:12 and LD 10:14. The rhythmicity in pupation was apparent under 
constant LD 12:12, but only the first pupation group was clearly observed 
under constant LD 10:14. In the previous studies, this circannual rhythm 
was obscure under constant LD 14:10, LD 15:9, and LD 16:8 (Nisimura 
and Numata 2003). Therefore, constant LD 12:12 is suitable as a 
photoperiodic condition for observing this rhythm. Such narrowly 
permissive photoperiodic conditions needed for expression of the 
circannual rhythm have been reported in some other species (Gwinner 
1986; Dunlap et al. 2004). In this chapter, there was a significant difference 
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between the median larval duration of the first pupation group under 
constant LD 12:12 and that under constant LD 10:14, but it was only 2 
weeks. Therefore, circannual oscillation from the beginning of the 
experiment to the first pupation peak is considered similar between these 
two conditions. 
An exposure to the longer photophase for 4 weeks evoked 
phase-dependent phase shifts similarly under both LD 12:12 and LD 10:14. 
Phase shifts for subsequent pupation were more obviously observed in the 
phase-delay response than in the phase-advance response to the same 
stimulus. Responses to the various amplitudes of photoperiodic changes at 
the same phase showed the characteristics of phase shifts in this rhythm. 
The relationship between the amplitude of photoperiodic changes and the 
magnitude of the phase shift was not proportional, especially in delay. 
Under LD 12:12, an exposure to LD 13:11 for 4 weeks at 4 weeks after 
hatching had only little effect, but the exposure to LD 14:10 substantially 
delayed pupation in the first and second group as much as that to LD 15:9 
and that to LD 16:8. Furthermore, under LD 10:14, no significant delay in 
the first group was produced by exposing to LD 12:12 for 4 weeks at 4 
weeks after hatching. These results indicate that a clear phase delay is 
induced by the photoperiodic change crossing a critical value, rather than 
the amplitude of the change. The critical value in the photophase was 
between 13 and 14 h. This value was consistent with the critical day length 
for synchronous pupation under constant photoperiods (Nisimura and 
Numata 2003). 
However, it is suggested that larvae of A. verbasci can respond to 
photoperiodic changes within the range below the critical value, because a 
slight delay in the first group was induced by an exposure to LD 13:11 for 
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4 weeks under LD 12:12. In addition, the influence of LD 16:8 was 
significantly more effective than that of LD 15:9 in both the delay and 
advance in the first group under LD 12:12. Under LD 10:14, similarly, LD 
16:8 caused significantly more delay in the first group than LD 14:10. 
These results suggest that larvae of A. verbasci can discern the difference in 
photophase duration within the range above the critical value and the 
stimulus with longer duration is slightly more effective in phase shifts. 
These slight phase shifts may also contribute to entrainment to natural 
annual cycles. 
As stated above, in circadian rhythms, the magnitude of phase shifts 
is dependent on the intensity of the light pulse and the graded response is 
shown in the certain range of intensity (Chandrashekaran and Loher 1969; 
Sharma et al. 1999). In this chapter, the results did not show the graded 
response dependent on the duration of photophase of the exposure, but 
there still remains the possibility that a graded response is caused by a 
photoperiod pulse between LD 13:11 and LD 14:10. However, if the phase 
shift is a response based on whether or not the photoperiodic change 
crosses over the threshold, bimodal distribution of pupation would be 
observed by the individual difference of the critical day length. Further 
investigations are necessary to clarify the responsiveness to the 
photoperiodic range between LD 13:11 and LD 14:10. 
In the rainbow trout, Oncorhynchus mykiss, an abrupt reduction of 
photophase induces a phase shift in the circannual rhythm (Duston and 
Bromage 1987, 1988). Duston and Bromage (1987) reported that the 
advance of maturation and spawning was similarly induced by a change 
from LD 18:6 to LD 6:18, to LD 10:14, and to LD 14:10. Subsequently, 
Randall and Bromage (1998) indicated that a long photophase of 22 h, 
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followed by a shorter photophase of 13.5 h, and a long photophase of 12 h, 
followed by a shorter photophase of 3.5 h, were equally effective in 
advancing sexual maturation. They stated that O. mykiss can perceive any 
day length as long or short providing it is longer or shorter than that to 
which they have been previously exposed and therefore photoperiodic 
history and the direction of change of photoperiod are more important for 
the phase-shifting response than the concept of a rigid critical day length in 
this species. 
In this chapter, the results did not show a difference in the critical 
photoperiod between larvae kept under LD 12:12 and those under LD 
10:14 with respect to responsiveness to photoperiodic changes in the 
circannual rhythm of A. verbasci, but I cannot deny the possibility of 
alteration of the critical value by the photoperiodic history. Moreover, it 
remains unclear whether the critical value is dependent on the phase of this 
rhythm because the phase responses were assessed at only two phases in 
this chapter. However, because the critical photoperiod lies between LD 
13:11 and LD 14:10 both in responsiveness to photoperiodic changes and 
in synchrony of pupation under constant photoperiods (Nisimura and 
Numata 2003), it is suggested that the photoperiodic time measurement 
system of A. verbasci has the critical value with a stability as a criterion for 
determining whether the ambient day length is relatively long or short. It is 
considered that this system affects mechanisms controlling the circannual 
rhythm and is pivotal for appropriate entrainment to a year by seasonally 
changing day length. 
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General Discussion 
 
Circadian and circannual rhythms possess the common properties of a 
self-sustaining feature, temperature compensation of the period, and 
entrainment to a zeitgeber. These properties are prerequisites for a 
biological clock related to the environmental cycles (Saunders 2002; 
Dunlap et al. 2004). In circadian clocks, mechanisms generating 
endogenous periodicity can be explained on the basis of molecular 
feedback loops. However, it is very hard to consider molecular mechanisms 
of circannual rhythms (Saunders 2002). Moreover, several attempts to 
anatomically localize a circannual pacemaker site have been carried out, 
but none of them were successful (Zucker 2001; Dunlap et al. 2004). Our 
understanding of the circannual mechanisms is still not enough. 
 In circadian rhythm research, many general characteristics of 
biological clocks were discovered in early investigations by Pittendrigh and 
other chronobiologists on pupal eclosion of the fruit fly, Drosophila 
pseudoobscura. These characteristics are still useful for descriptions of 
biological rhythms (Pittendrigh and Minis 1964; Pittendrigh 1981; 
Saunders 2002; Dunlap et al. 2004). On the other hand, a circannual 
pupation rhythm of the varied carpet beetle, Anthrenus verbasci, showed a 
self-sustaining feature, temperature compensation of the period, and 
entrainment to a zeitgeber (the change in photoperiod), and it was 
suggested that this rhythm is generated by an oscillator with a circannual 
period (Nisimura and Numata 2001). This circannual rhythm has some 
remarkable parallels to the circadian eclosion rhythm of D. pseudoobscura, 
but on an annual rather than a daily time scale (Saunders 2002). 
In the present study, I demonstrated strong similarities between both 
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rhythms in entrainability and responsiveness to zeitgeber stimuli. The 
shape of a phase response curve (PRC) to 4-week long-day pulses for the 
circannual rhythm of A. verbasci closely resembled that of the Type 0 PRC 
with large phase shifts in circadian rhythms including the eclosion rhythm 
of D. pseudoobscura (Chapter 1). The shortening of duration of a long-day 
pulse by 2 weeks resulted in Type 1 phase resetting of this circannual 
rhythm. In addition, a 4-week long-day pulse given close to the steepest 
point of the circannual PRC could induce an arrhythmic pattern of pupation 
(Chapter 2). These results reveal the transition in the type of phase resetting 
depending on the strength of the stimulus and the existence of a singular 
stimulus to abolish periodicity in this circannual rhythm, which are in 
remarkable agreement with the interesting properties of a circadian 
oscillator of D. pseudoobscura first reported by Winfree (1970). 
Similarities between both rhythms in resetting patterns indicate that 
the mechanism producing the circannual rhythmicity in A. verbasci is the 
internal oscillator specialized for adaptation to the annual cycles of seasons, 
like the circadian oscillator to the daily cycles. Further accumulation of 
data in phase resetting may enable us to analyze properties of the 
circannual oscillator in detail with the topological approach used in 
circadian rhythm studies (Winfree 1980; Pavlidis 1981; Lakin-Thomas 
1995). According to the theoretical explanation of Type 0 phase resetting 
and loss of rhythmicity induced by a singular stimulus, the mechanism 
producing this circannual rhythm requires two or more variables with a 
circannual variation that interact each other (Nisimura et al. 2005). They 
would somehow form the circannual feedback loop at the physiological, 
biochemical, or molecular level, although their candidates are unknown in 
any species. Present results from long-day pulse perturbation can be helpful 
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for future exploration of the circannual oscillator. 
I also showed phase-dependent phase shifts caused by a 4-week 
short-day pulse under long-day conditions in the circannual rhythm of A. 
verbasci (Chapter 3). It is considered that these responses can be utilized to 
examine the oscillation of this rhythm under constant long days. However, 
inhibition and less synchrony of pupation under long-day conditions make 
it difficult to analysis these phase responses, compared to under short-day 
conditions. One appropriate way to resolve this matter is probably the 
lengthening of the duration of a short day pulse. In a comparison between a 
dark-pulse PRC and a light-pulse PRC in circadian rhythms also, the 
duration of a dark pulse was often longer than that of a light pulse (e.g., 
Subbaraj and Chandrashekaran 1978; Johnson et al. 1989). Further 
investigations are necessary to obtain a circannual PRC to short-day pulses. 
In contrast to many similarities of phase-dependent responsiveness 
to zeitgeber stimuli between circannual and circadian rhythms, circannual 
rhythms are more dependent on zeitgebers and more easily affected by 
them than circadian rhythms (Gwinner 1986). This high dependence is 
required to facilitate entrainment of the circannual rhythm to the natural 
year, because the endogenous period considerably deviates from that of the 
environmental cycle and is individually variable. 
In the circannual rhythm of A. verbasci, the inherent period of about 
40 weeks must be modified by natural day length for stable entrainment. 
Present results indicated that under naturally changing day length, temporal 
phase changes occurred at least from early August to late November similar 
to changes under constant short-day conditions (Chapter 3). Moreover, it 
was suggested that the photoperiodic time measurement system for 
entrainment of this rhythm has the critical value in photophase between LD 
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13:11 and LD 14:10 as a criterion for determining whether the ambient day 
length is relatively long or short (Chapter 4). Therefore, it is considered that 
long days during spring and summer play an important role in induction of 
a phase delay for entraining this circannual period of about 40 weeks to an 
annual cycle. Such a mode of entrainment can be explained according to 
the discrete entrainment model proposed in circadian rhythm studies. 
Namely, important time cues in entrainment of this circannual rhythm are 
photoperiodic changes from long days to short days, and vice versa. 
However, modulation of the endogenous period by continuous changes of 
natural day length according to another continuous entrainment model 
remains a matter of research. 
This study demonstrated that the treatment with photoperiod pulses 
is useful as a tool to understand the properties of the internal circannual 
mechanism. However, there are still many conceivable treatment of pulse 
perturbation for the analysis of the circannual oscillator. In circadian 
rhythms, for instance, multiple pulse stimulation has been used for further 
analysis (Saunders 2002, Dunlap 2004). This can reveal the entrainment 
behavior to photoperiod cycles on the basis of the discrete entrainment 
model, the amplitude of the pacemaker, and whether or not a singular 
stimulus stops the internal clock. Our understanding of the circannual 
mechanisms can be better promoted by further investigation. 
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Fig. 1  Effects of a 4-week long-day pulse on the circannual pupation 
rhythm under short-day conditions in Anthrenus verbasci. Larvae were 
kept under LD 12:12 (filled bars) and exposed to LD 16:8 (empty 
portions of bars) for 4 weeks at various times after hatching 
(temperature 20°C). Each numeral above a vertical line indicates the 
number of insects remaining as larvae. A triangle indicates the median 
of each pupation group. A vertical dotted line crosses through the 
median of each pupation group in the control experiment with no LD 
16:8 pulse. 
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Fig. 2  Comparison of phase response curves for circannual and 
circadian rhythms. (A) Phase response curve to 4-week long-day 
pulses in the circannual pupation rhythm of Anthrenus verbasci. The 
period under constant short-day conditions (37 weeks) is shown in 
terms of angle degrees (0-360°), and the initial phase is regarded as 
180° (see text for further explanation). Open circles represent the 
phase shifts in the first pupation group after perturbation (Fig. 1B-N). 
Closed circles represent the phase shifts in the second pupation group 
after perturbation (Fig. 1B, C, F). Broken lines show split in the phase 
response (Fig. 1M, N). (B) Type 0 phase response curve to 15-min light 
pulses in the circadian eclosion rhythm of Drosophila pseudoobscura. 
Modified from Pittendrigh and Minis (1964).
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Fig. 3  Effects of a 2-week long-day pulse on the circannual pupation 
rhythm under short-day conditions in Anthrenus verbasci. Larvae were 
kept under LD 12:12 (filled bars) and exposed to LD 16:8 (empty 
portions of bars) for 2 weeks at various times after hatching 
(temperature 20°C). Each numeral above a vertical line indicates the 
number of insects remaining as larvae. A triangle indicates the median 
of each pupation group. A vertical dotted line crosses through the 
median of each pupation group in the control experiment with no LD 
16:8 pulse. 
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Fig. 4  Phase response curve to 2-week long-day pulses in the 
circannual pupation rhythm of Anthrenus verbasci. The period under 
constant LD 12:12 (44 weeks) is shown in terms of angle degrees (0-
360°), and the initial phase is regarded as 180° (see text for further 
explanation). Open circles represent the phase shifts in the first 
pupation group composed of 5 or more individuals after perturbation 
(Fig. 3B-H, J-M, O). Closed circles represent the phase shifts in the 
second pupation group composed of 5 or more individuals after 
perturbation (Fig. 3B-F, I). Broken lines show a phase response curve 
to 4-week long-day pulses in the circannual pupation rhythm of A. 
verbasci (Chapter 1).
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Fig. 5  Effects of a 4-week long-day pulse near the break point of the 
circannual phase response curve in pupation of Anthrenus verbasci, 
reported in Chapter 1. Larvae were kept under LD 12:12 (filled bars) 
and exposed to LD 16:8 (empty portions of bars) for 4 weeks at various 
times between 7 and 12 weeks after hatching (temperature 20°C). Each 
numeral above a vertical line indicates the number of insects 
remaining as larvae. A triangle indicates the median of each pupation 
group. A vertical dotted line crosses through the median of each 
pupation group in the control experiment with no LD 16:8 pulse. 
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Fig. 6  Arrhythmicity (R) induced by a 4-week long-day pulse in the 
circannual pupation rhythm of Anthrenus verbasci. Arrhythmicity was 
measured by extending the concept of the parameter “R” by Winfree 
(1970) from circadian to circannual rhythm research. Closed circles 
represent the values of R plotted as a function of the time at which a 
pulse was started. The thick horizontal solid line shows the value of R 
in the control experiment (Fig. 5A). The horizontal dashed lines mark 
the limits of “rhythmic” (R<60) and “arrhythmic” (R>90) values.
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Fig. 7  Effects of a 4-week short-day pulse on the circannual pupation 
rhythm under long-day conditions in Anthrenus verbasci. Larvae were 
kept under LD 16:8 (empty bars) and exposed to LD 12:12 (filled 
portions of bars) for 4 weeks at various times after hatching 
(temperature 20°C). Each numeral above a vertical line indicates the 
number of insects remaining as larvae. A triangle indicates the median 
of each pupation group. The vertical dotted line crosses through the 
median of the first pupation group in the control experiment with no 
LD 12:12 pulse.
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Fig. 8  Effects of a 4-week long-day pulse on the circannual pupation 
rhythm under naturally changing day length at a constant temperature 
(20°C) in Anthrenus verbasci. Larvae were kept under naturally 
changing day length (grey bars) and exposed to LD 16:8 (empty 
portion of bars) for 4 weeks at various times after hatching. Arrows at 
bottom left show the beginning of the experiments. Each numeral 
above a vertical line indicates the number of insects remaining as 
larvae. A triangle indicates the median of each pupation group. A 
vertical dotted line crosses through the median of each pupation group 
in the control experiment with no LD 16:8 pulse. The solid curve in 
each panel indicates the natural day length including 1 h of twilight at 
Osaka, Japan (35°N) for most of the experiment, and the artificial day 
length produced by white fluorescent lamps during the LD 16:8 pulse.
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Fig. 9  Effects of a 4-week short-day pulse on the circannual pupation 
rhythm under naturally changing day length at a constant temperature 
(20°C) in Anthrenus verbasci. Larvae were kept under naturally 
changing day length (grey bars) and exposed to LD 12:12 (filled 
portion of bars) for 4 weeks at various times after hatching. Arrows at 
bottom left show the beginning of the experiments. Each numeral 
above a vertical line indicates the number of insects remaining as 
larvae. A triangle indicates the median of each pupation group. A 
vertical dotted line crosses through the median of each pupation group 
in the control experiment with no LD 12:12 pulse. The solid curve in 
each panel indicates the natural day length including 1 h of twilight at 
Osaka, Japan (35°N) for most of the experiment, and the artificial day 
length produced by white fluorescent lamps during the LD 12:12 pulse.
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Fig. 10  Comparison of phase responses in the pupation of Anthrenus 
verbasci under constant short-day conditions and under naturally 
changing day length. Closed circles represent the phase shift (shown 
as median/interquartile) in the first pupation group, induced by a 
long-day pulse given at various times after hatching. (A) Phase 
response to a 4-week long-day pulse under a constant short-day 
condition (temperature 20°C) (redrawn from Figure 2 of Chapter 1). 
(B) Phase response to a 4-week long-day pulse under naturally 
changing day length (temperature 20°C) (data in Figure 8).
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Fig. 11  Effects of an exposure to a longer photophase for 4 weeks on 
the circannual pupation rhythm under LD 12:12 in Anthrenus verbasci. 
Larvae were exposed to various photoperiods for 4 weeks at 4 or 14 
weeks after hatching (temperature 20°C). Each numeral above a 
vertical line indicates the number of insects remaining as larvae. A 
triangle indicates the median of each pupation group. A vertical dotted 
line crosses through the median of each pupation group in the control 
experiment with no photoperiod pulse. The solid line in each panel 
indicates the duration of photophase. Median values in the first 
pupation group with the same letter are not significantly different (P > 
0.05, by the Steel-Dwass test).
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Fig. 12  Effects of an exposure to a longer photophase for 4 weeks on 
the circannual pupation rhythm under LD 10:14 in Anthrenus verbasci. 
Larvae were exposed to various photoperiods for 4 weeks at 4 or 14 
weeks after hatching (temperature 20°C). Each numeral above a 
vertical line indicates the number of insects remaining as larvae. A 
triangle indicates the median of each pupation group. The vertical 
dotted line crosses through the median of the first pupation group in 
the control experiment with no photoperiod pulse. The solid line in 
each panel indicates the duration of photophase. Median values in the 
first pupation group with the same letter are not significantly different 
(P > 0.05, by the Steel-Dwass test).
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